In this paper, we present the design, fabrication and characterization of the CMOS micromachined cantilevers for mass sensing in the femtogram range. The cantilevers consisting of multiple metal and dielectric layers are fabricated after completion of a conventional CMOS process by dry etching steps. The cantilevers are electrostatically actuated to resonance by in-plane electrodes. The mechanical resonant frequency is detected capacitively with on-chip circuitry, where the modulation technique is applied to eliminate capacitive feedthrough from the driving port and to lessen the effect of flicker noise. The highest resonant frequency of the cantilevers is measured at 396.46 kHz with a quality factor of 2600 at 10 mTorr. The resonant frequency shift after deposition of a 0.1 µm SiO 2 layer is 140 Hz, averaging 353 fg Hz .
Introduction
Micromachined resonating cantilevers have been used in atomic force microscopy and biochemical sensors respectively for sensing of the small interaction force between a tip and a surface [1] and small mass loading. It is known that MEMS has become the enabling technology to scale down the dimensions of a cantilever for sensitivity enhancement. The bending displacement of a cantilever due to a change of effective mass can usually be measured by either the static or the dynamic approach. The former is believed to be sensitive, yet the dc drift of the sensed signal caused by the overall measuring system can be an issue for signal amplification and for long-term experiment. The dynamic method measures the resonant frequency shift due to mass loading. The achieved signal-to-noise (SNR) ratio is expected to be high when operating under a high-Q (quality factor) condition, because the resonant displacement is amplified by Q times of the static displacement. An example is the work by Ono et al [4] that reported a thin (170 nm) silicon cantilever operated in high vacuum (10 −7 Pa) with a measured resolution of 5 × 10 −18 g. Previously developed mass sensors were based on optical [2] [3] [4] [5] , piezoelectric [6] [7] [8] , piezoresistive [9] and capacitive sensing mechanisms [10] [11] [12] . Optical measurement is known to be accurate; however, the overall measuring setup could be bulky and expensive. For miniaturization and low-cost production, it is highly desirable to develop monolithically integrated mass sensors capable of high-performance sensing. Despite the high sensitivity achieved by piezoelectric-type sensors, the integration of piezoelectric thin films with conventional CMOS processes is difficult due to the high deposition temperature that is not endurable after the CMOS is completed. Few CMOS-integrated mass sensors have been reported in the literature [9] [10] [11] [12] . Voiculescu et al [9] reported an electrostatically actuated cantilever that used piezoresistive sensing to detect the mass-induced resonant frequency change. The measured resolution was 30 Hz at a concentration of 0.1 mg m −3
. Verd et al [10] reported the fabrication of a resonating polysilicon cantilever with capacitive CMOS sensing circuitry. The cantilever was patterned by dry etch using an annealed-Al mask, followed by a wet etch of SiO 2 in buffered HF for structural release. The measured frequency shift is 8 kHz due to a mass change of 2.2 pg on the cantilever. Moreover, the 1.5 MHz capacitive cantilever reported by Forsen [11] has achieved a measured weight of 57 fg with a frequency shift of 14.8 kHz. It should be noted that the capacitive-type cantilevers can only be used for sensing in gas phase, and not suitable in aqueous solutions.
Electrostatic actuation is commonly used for its ease of integration with CMOS micromachined structures. Although thermal actuation can be conveniently applied as well, its low thermal constant limits the produced resonance in the low kHz range, not suitable for driving a cantilever at hundreds of kHz. The issue with electrostatic actuation, however, is the springsoftening effect that reduces the measured mechanical resonant frequency and the quality factor. A cantilever with a high resonant frequency is preferred to be operated in vacuum such that a small driving voltage can suffice for the driving purpose and thus the effect is lessened; otherwise the mass-sensing capability is negatively impacted by the reduced quality factor.
As for CMOS-compatible sensing, the high sensitivity achieved by capacitive sensing has been demonstrated by the success of high-performance inertia sensors [13, 14] . The issue to be aware of is that the sensing capacitance of a miniaturized cantilever is about two orders of magnitude smaller than those of surface-micromachined inertia sensors. Monolithic integration of the micromechanical structure and the capacitive sensing circuit becomes especially important to prevent signal attenuation or noise amplification as occurred in a two-chip solution due to the large parasitic capacitances.
In this work we report the fabrication and design of CMOS MEMS cantilevers with in-plane electrodes for electrostatic actuation and capacitive sensing. The cantilevers are designed to be driven at hundreds of kHz and operated under the high-Q condition for sensitivity enhancement. The analysis is validated by measured data on three different cantilevers. The rest of the paper is organized as follows. The fabrication process is introduced in section 2. The electrostatically actuated cantilever and the capacitive sensing circuit are discussed in section 3, followed by the experimental results in section 4. Discussions and conclusions are presented in section 5.
Fabrication
Fabrication of the devices starts with the TSMC 0.35 µm two-polysilicon four-metal (2P4M) CMOS process, followed by the post-CMOS micromachining steps similar to those described in [15] as shown in figure 1 . First an anisotropic dielectric reactive-ion etch (RIE) with CHF 3 /O 2 plasma is performed to define the structural sidewalls with the top metal-4 layer being used as an etch-resistant mask. The achieved oxide etch rate is about 50 nm min −1 . Next we perform an isotropic silicon etch using XeF 2 to remove the silicon underneath for structural release. The silicon etch rate is about 0.5 µm min sensing circuit can be placed near the etched pit to give a small routing capacitance, leading to an enhanced sensitivity.
Sensor design
As shown schematically in figure 2, the electrostatically actuated cantilever is driven laterally to resonance by the electrode on the left, and the motion is detected capacitively using the electrode on the right. Signal modulation is applied to raise the sensed signal to the sidebands of the modulation frequency in order to avoid the capacitive feedthrough coupled from the driving electrode. The signal amplitude after the pre-amplifier is related to the capacitive divider formed by the sensing capacitance C s and the pre-amp input capacitance C in . The latter includes the routing capacitance as well. The modulated signal is demodulated to the base band and low-pass filtered to remove the undesired harmonics at high frequencies. The continuous-time voltage-sensing scheme [13] is used as shown in the figure. The dc bias at the pre-amp input is provided by a MOS transistor operated in the subthreshold region.
The dynamic equation describing the free vibration of a simple cantilever beam of a uniform cross-section is given by [16] 
where E is Young's modulus, I is the moment of inertia, y is the displacement, x is the axis along the beam, ρ is the mass density, and A is the area of the beam cross-section. The first resonant mode is derived analytically as given by
where L is the beam length and the unit of the frequency f n is Hz. For the CMOS micromachined structure containing four metals and the dielectric layers, the resonant frequency is rewritten as
where i is the index of each layer. By the lumped-parameter electromechanical analysis, the electrostatically driven cantilever is represented by a conventional mass-damper-spring system in figure 3 with the dynamic equation given by
where m is the effective mass, b is the squeeze-film damping coefficient, k is the spring constant, ε 0 is the permittivity of free space, A act is the area of the parallel-plate capacitance, g is the initial gap separation and V is the applied voltage. The resonant frequency for free vibration under the high-Q condition is
Nonlinearities arise from the electrostatic force, whose magnitude is proportional to applied voltage squared, and is displacement dependent. The squeeze-film damping force is time varying, depending on the plate displacement and velocity. The total damping force can be simulated by a lumped-parameter model consisting of parallel branches of series-connected spring and damper elements [17] . With a small variation of y and v around the operating point (Y 0 , V 0 ), we can obtain the small-signal actuator dynamics by using Taylor's series expansion of the electrostatic force. By elimination of higher-order terms, the linearized actuator dynamics are derived as
where
and α is the normalized displacement, Y 0 /g, at an operating point Y 0 . The electrostatic force gradient induces a negative spring constant which changes the original resonant frequency to
Assume that the mass and the damping coefficients do not change, the effective damping ratio increases as a result of the reduced resonant frequency. As a consequence, the sensing resolution is negatively impacted due to the decrease in quality factor. The electrodes and the cantilever are 7 µm thick, and the gap between the electrode and the cantilever is 2 µm. For one of the designs with the electrodes of 67 µm long, the actuation and sensing capacitances are both 2.4 fF.
Assuming there is no spring-softening effect, the change of mass m is related to the resonant frequency shift f by
The sensitivity is obtained by linearization as given by
where the spring constant of the cantilever is expressed by
Young's modulus and mass density of aluminum are 70 GPa and 2700 kg m −3 , and 75 GPa and 2200 kg m −3 for silicon dioxide. For a cantilever beam of 3 µm wide and 75 µm long, the calculated resonant frequency and spring constant are 475 kHz and 8.25 N m −1 , respectively. Then the calculated sensitivity is equal to 3.9 fg Hz −1 . The sensitivity analysis above is based on a simple cantilever of uniform cross-section with an added pointed mass of no elasticity. The real design is a continuous cantilever beam with a plate size of 8 × 8 µm 2 in the front. The resonant frequencies before and after deposition of a 0.1 µm SiO 2 layer are obtained by finite-element simulations for three different designs as listed in table 1. The corresponding frequency shifts are 1.8 kHz, 1.1 kHz and 0.9 kHz, respectively, for designs I, II and III. The signs of those numbers are positive, indicating an increase rather than a decrease in resonant frequencies as in the lumped-parameter analysis using a pointed mass. The reason is because the added and the structural SiO 2 layers have a higher ratio of Young's modulus over mass density than that of aluminum; in other words, the frequencies would decrease if a thin aluminum layer is deposited.
By using the CMOS micromachining process, the sensing electrode and the pre-amplifier can be placed close to each other to reduce the routing capacitance. The schematic in figure 4 shows the design of the sensing amplifier which consists of a differential pair connected as a unity-gain buffer, followed by a source follower as the output stage. The dc bias at the input is provided by a PMOS transistor operated in the subthreshold region. The impedance of the subthreshold transistor can be in the order of tenths of M , depending on the applied source-to-gate voltage. Since this impedance is much larger than that of the input capacitance at the modulation frequency, signal attenuation due to the subthreshold transistor is negligible.
The highest resonant frequency of the cantilever designs is close to 400 kHz as listed in table 1. The modulation frequency is selected at ten times of the value at 4 MHz, which subsequently decides the required bandwidth of the sensing amplifier. The high modulation frequency helps to lessen the effect of flicker noise, especially when the dimensions of the input transistors are determined for gaining a small input capacitance. Figure 5 shows the micrograph of the released microstructure suspended over the substrate. The frequency response of the sensing amplifier in figure 6 was measured via the cantilever by an Agilent 4395A spectrum/network analyzer, which supplied an ac input signal to the cantilever and measured the circuit output simultaneously. The frequency response shows a corner frequency at around 4.6 MHz. The measured gain of −24 dB is attributed to the capacitive divider in front of the buffer amplifier. The pre-amp input capacitance is thus obtained at 35 fF based on a calculated sensing capacitance of 2.4 fF. The frequency response also shows a low-frequency pole that is silicon sensing electrode driving electrode attributed to the resistance of the dc-biasing PMOS transistor and the capacitances seen at the pre-amp input. By raising the source-to-gate voltage of the PMOS transistor, the pole frequency increases due to the decrease of the PMOS channel resistance. Since the total capacitance at the pre-amp input is 37.4 fF, the equivalent PMOS channel resistance with respect to the voltage V SG can be computed from the measured pole frequencies and plotted in figure 7 . The resistance values are at least 20 M for various values of V SG , which is much larger than the impedance of the input capacitance at the modulation frequency of 4 MHz.
Experiment
For the electromechanical characterization of the resonant frequency, the cantilever was driven electrostatically by an ac voltage of 10 V superimposed onto a dc voltage of 20 V at atmospheric pressure. By varying the frequency of the driving signal and applying a fixed modulation signal of 4 MHz to the cantilever, the sensed signal was modulated to the sidebands of the modulation frequency as shown in figure 8(a) . The measured noise at a 10 Hz resolution bandwidth is about −120 dB m, equivalent to an input-referred noise voltage of 3.8 µVHz
. The resulting dynamic response of the cantilever shown in figure 8(b) indicates a resonant frequency of 394.7 kHz. The dynamic response of the electrostatically actuated cantilever was also measured by a MEMS motion analyzer (from Umech technologies) at 10 mTorr. The measured frequency of 396.46 kHz is higher than the capacitively measured value due to the high-Q operating condition. The relationship of the quality factor and the operating pressure is plotted in figure 9 and shows a maximum Q of about 2600 at 10 mTorr. The resonant frequency change of the 396 kHz cantilever due to the electrostatic springsoftening effect was also examined by applying an increasing dc actuation voltage. The plot in figure 10 shows a frequency reduction of 0.2 kHz at an applied voltage of 7.6 V. The measured resonant frequencies of the three cantilevers are 396.46 kHz, 257.823 kHz and 175.65 kHz, respectively. For test of the resonant frequency shift due to mass loading, a 0.1 µm SiO 2 layer was coated on the CMOS die after wirebond by atmospheric pressure chemical vapor deposition (APCVD) at a temperature of about 400
• C. The cantilever was actuated by the same ac and dc voltages and operated at the same operating pressure as before the deposition. Measured frequency responses of the three cantilevers before and after the deposition are plotted in figures 11, 12 and 13, respectively. For a standard second-order mass-damper-spring system, a phase lag of −90
• occurs at the natural frequency of the system. The resonant frequency is less but very close to the natural frequency for the high-Q operation. The increase of frequency after deposition is expected as explained earlier in section 3. The measured frequency shifts are 140 Hz, 35 Hz and 30 Hz, respectively, for cantilevers with the resonant frequencies from high to low. The corresponding sensitivities are 353 fg Hz , and 2 pg Hz −1 . The minimum detectable frequency change is limited by electronics noise of the sensing amplifier. The value can be estimated by f min ≈ f n / (Q · SNR) [10] , where SNR is the signal-to-noise ratio from the pre-amp measurement. The SNR value as shown in figure 8(a) is about 60 dB. By substituting f n = 396.46 kHz and Q = 2600 into the equation, the minimum detectable frequency change is obtained at 0.15 Hz. Therefore for the 396 kHz cantilever, the minimum detectable mass change is 53 fg.
The resonant frequency of the 396 kHz cantilever was also measured at different operating temperatures controlled by a hotplate. The resolution of frequency per scan is 0.5 kHz. For temperatures from 23
• C to 100
• C, the curve in figure 14 shows a fluctuation of about 0.5 kHz from 396 kHz to 396.5 kHz. 
Discussion and conclusion
This work presents the integrated capacitive mass sensors fabricated in a conventional CMOS process. The resonant frequencies of the electrostatically driven cantilevers are designed in the range of a few hundred kHz for sensitivity enhancement. Integration of the capacitive sensing circuit is important because the miniaturized cantilever has a very small sensing capacitance, and the parasitic capacitances at the sensing node must be reduced to promote the signal-tonoise ratio.
Fabricated microstructures consist of a combination of aluminum and silicon dioxide layers. Characterizations on the three cantilevers all show increases of the resonant frequencies after deposition of a thin layer of SiO 2 , with the largest shift corresponding to the shortest cantilever. The reason is that SiO 2 has a larger ratio of Young's modulus over mass density than that of aluminum. The trend in frequency shifting suggests that the changes are not due to the electrostatic springsoftening effect, which is under control before and after the mass loading.
The measured frequency changes are not as significant as the simulated values. The reason could be attributed to the fact that the exact Young's modulus and mass density of the metal and dielectric thin films are not exactly represented in FEM simulations. The sensitivity can be further improved by reduction of the cantilever dimensions with the aim to increase the resonant frequency. In addition, the thickness of the cantilever should be reduced in our case using inplane actuation. By approximation, the sensitivity does not depend on the width of the cantilever [10] . The reduction of thickness can be conveniently accomplished by using the metal-1, instead of the top metal-4 of the 2P4M CMOS process as the etch-resistant mask. The width of the cantilever fabricated by the CMOS MEMS process is limited by CMOS design rules and can be scaled down with the technology advancement in CMOS processes.
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